We report the performance of a simple method for making quantitative bioluminescence measurements of a point-like source embedded in small animals. In this method, video reflectometry is first used to obtain an estimate of the in situ optical properties of the tissue containing the bioluminescent source. A 2-dimensional image of the bioluminescence signal emitted from the surface of the animal is then acquired with a CCD. Using the measured optical properties, and a simple diffusion theory model, an inversion algorithm is applied to retrieve the source depth and power from a region of interest of the bioluminescence images. Two major factors determine the accuracy of the reconstruction: tissue heterogeneity and curvature of the imaged surface. The use of measured optical properties to characterize in situ tissue surmounts, to a degree, the heterogeneity problem: post mortem data from rats show that the relative power can be retrieved within a factor of 2 and frequently within 20 %, and the depth within 1.0 mm for implanted depths of 4-10 mm, when the curvature effects were eliminated. For depths shallower than 4 mm, the errors in the retrieved depth are consistently larger.
Introduction
Animal models of disease have been increasingly used in cancer research for drug and therapy development [Koo et al., 2006; El-Deiry et al., 2006; Deroose et al., 2007] , which has lead to interest to the development of small animal imaging systems. Among the most sensitive and specific techniques for probing cellular and molecular events, the in vivo imaging of luciferase-expressing cells has drawn much attention in the last years [Sato et al., 2004] . A few commercial systems for 3-D bioluminescence tomography are already available [Kuo et al, 2007] , while more sophisticated techniques are still being developed. A common strategy among these methods is to use an accurate model of light transport in tissue to predict the appearance of a luminescence image. A model-based iterative inversion algorithm is then used to solve the inverse problem, namely to extract the source location and strength from the raw luminescence emission images. The mathematical model that most accurately describes light transport in turbid media is the radiative transfer equation (RTE). While analytical solutions for the RTE can be derived only for cases with limited generality, accurate solutions can be obtained numerically using, for example, a finite element method (FEM) (Hielscher 2005, Klose and Hielscher 2003) . Alternatively, stochastic methods, such as Monte Carlo simulations, can be used to describe photon transport. In both types of approaches, a priori knowledge of the optical properties of the tissue is necessary. Studies have been reported in which typical optical properties were assigned to the organs of a mouse by segmenting the corresponding domains from a micro-MRI of a virtual mouse phantom with a standard geometry (Alexandrakis et al., 2005) . In a similar study [Kuo et al., 2007] demonstrated the 3-D tomographic reconstruction of luciferase-tagged prostate tumour cells in nude mice from single-view images. Like the aforementioned study, they used a finite element solution of the diffusion equation to solve the forward problem in a homogeneous tissue. The tissue was assigned optical properties that were previously measured in vivo for muscle and other mouse organs. The method made use of spectral information to constrain the tomographic solution and the surface topography for the kernel matrix used in the finite element algorithm. The complexity of the algorithms used in geometry adaptation and finite element calculations results in a strong dependence of these methods on accurate knowledge of optical properties, and also makes them computationally expensive.
However, in small animals there exist situations in which tomographic reconstructions are probably not necessary and simpler methods can be effective and more efficient. For example, bone metastases are usually confined to the bone marrow [Wada et al., 2006 , Roodman, 2004 and can be reasonably approximated with point or line sources We therefore proposed a simple model for imaging single point sources [Comsa et al., 2006] . The model assumes that the surface of the animal is flat and horizontal, so that an analytic solution of the diffusion equation can be employed. In this work our method is tested at a single wavelength, even though it could be extended to utilize images acquired at multiple wavelengths. We also demonstrate that the use of measured in situ optical properties results in a superior reconstruction of the source than using the literature values for tissues or organs.
Materials and Methods
Experiments were conducted on 4 Copenhagen rats, post mortem. After euthanisation with CO 2 , all animals were depilated (using clippers, followed by application of Veet ® cream) at the location of interest. Local depilation of the skin ensured good contact between the source fibre and the skin for reflectance imaging and it also prevented light scatter by the hair in the images.
Images were acquired inside a lightproof box, using a cooled CCD (Photometrics, Tucson, Ariz)( Fig.1 ). For the acquisition of the reflectance data, a cut end optical fibre was positioned in contact with the tissue at the location of interest, with the light directed normally into the skin. The reflectance data allowed estimation of the effective attenuation coefficient (
, where a µ and s µ ′ are the absorption and reduced scattering coefficients, respectively) and the total reduced attenuation coefficient (
) through a curve-fitting routine [Farrell et al., 1992] . In order to estimate the variance, several images, with the reflectance fibre successively positioned 1 to 2 mm apart, were usually recorded. At each position, the fibre was switched between two diode lasers emitting at 635 and 760 nm. The optical properties for each wavelength were averaged over the several locations of measurement. The ranges reported in µ eff and µ t ' (Table 1) are the standard errors in the mean values. In order to minimize the effects of surface curvature on the light intensity profiles, we restricted this study to a location with less prominent contour variations than other areas, the abdomen. We also note that a non-contact approach utilizing an open laser beam as the source could be used as reported by Kienle et al. [Kienle et al., 1996] . Following the reflectance measurements, an optical fibre with a scattering tip (PhotoGlow, 400 µm) simulating a pointlike luminescent source was implanted under the skin at the same location. To do this, an 18 gauge needle was first passed through a 2 mm-diameter hole in the imaging platform ( Fig. 1 ), then implanted in the underside of the animal and pushed through towards the top surface. When the needle reached the animal's skin, without piercing it, the fibre was passed through the needle and the needle was retracted. The fibre was then attached to a micrometer scale that allowed its retraction in steps of 1 or 2 mm. The shallowest depth of the fibre, d 0 , was measured at the end of the experiment: a skin flap was removed at the location of measurement, usually revealing the location where the fibre pierced through the muscle fascia. A digital caliper was used to measure the skin thickness at this location. The subsequent depths at which the fibre was imaged were estimated from d 0 knowing the retracted length. Because the retraction track was not always perfectly vertical, a correction was made based on the displacement of the centroid in the emission images upon fibre retraction. Throughout this work, an uncertainty of 0.5 mm is typical for the measured source depths.
The image strength and the subsequent fitted source power were obtained in arbitrary units of counts/s, in relative power measurements. An absolute calibration of the camera and imaging system was not done at this time. Instead, a calibration curve relating fitted power units to counts/s for a bare fibre was obtained by imaging the fibre at known depths in a liquid phantom with known optical properties. These images were fitted, and the corresponding power in counts/s was obtained by integrating the bare fibre signal prior to each experiment. The liquid phantom consisted of 1 % Intralipid solution, to which aliquots of China Ink were added to simulate skin-like absorption. Image processing and data analysis methods were previously described in detail [Comsa et al., 2006] . Source depth and power calculations were done independently for the two investigated wavelengths. For rat 1, the emission profiles in the ventral to dorsal direction were visibly distorted as an effect of tissue curvature (Fig. 2 ). For this rat two different reconstructions of source depth and power were performed: one that followed the general method, and a second one in which the intensity profiles were selected only along the cranial-caudal direction, with the intention to minimize the effects due to animal topology. To emphasize the advantage of quantifying the emission images, a comparison is presented between the true power of the implanted source, the fitted power, as retrieved with our method, and the apparent brightness of the emission images. For this, the apparent brightness was calculated by simply integrating the signal over the spatial extent of the raw point source image. Calculations were also performed using published literature values for the optical properties of skin, muscle, stomach wall and liver and spleen, and compared with the reconstructions based on the measured optical properties. We used optical properties as compiled by Alexandrakis et al., from numerous sources that reported experimentally determined values [Alexandrakis et al., 2006] . Throughout the paper, rms (root-mean-squares) values of the percent error in retrieved depth and of the normalized retrieved power are reported as representative averages for the algorithm's performance over a range of depths.
Results
A summary of in situ optical properties, measured at 635 and 760 nm, on rat abdomen, is reported in Table 1 . The results of source depth calculations using these values are shown in Fig. 3 a) at the two wavelengths. The accuracy of source localization was depth dependent, and it generally improved with increasing depth. At 760 nm, the rms error in source depth, averaged over all rats, was 1.9 mm. At 635 nm, the depth reconstruction deteriorated to 2.6 mm; however, this average was calculated over only 2 animals. In rats 3 and 4, measured at 635 nm, the depth reconstruction showed large errors; for example, a 12 mm deep source was reconstructed with 3.5 mm error in rat 3, and 2.1 mm in rat 4. Fig. 3 b) presents the ratio of retrieved to true source power. At 760 nm, the power corresponding to sources 4 to 10 mm deep was estimated within a factor of 2 of the true power. Eight out of 11 sources shallower than 4 mm, and 5 out of 15 sources implanted deeper than 10 mm, were also reconstructed within a factor of 2 of the true power. For the shallow sources the power was generally overestimated, and the opposite was true for the deep sources. At 635 nm, for one out of two animals the power was retrieved within 20%; for the other animal the power was drastically underestimated for sources deeper than 7mm. . A superior reconstruction was obtained in rat 1 when the emission profiles in the ventral to dorsal direction, visibly distorted by tissue curvature, were excluded from the analysis. Fig. 4 shows the results for rat 1, for reconstructing the source depth and power from selected directional profiles versus the general reconstruction method.
The fitted power, as retrieved with our method, and the apparent brightness of the acquired emission images were compared against the true power of the implanted source. The apparent brightness varies by approximately three orders of magnitude over the investigated depth. The improvement introduced by our method was variable, depending on source depth and wavelength. The average % error in the power with respect to true power decreased from 98 % to 53 %, at 760 nm, and to 17 % at 635 nm (data not shown), when the algorithm was applied.
The use of published optical properties [Alexandrakis et al., 2006] of four organs/tissues at 635 and 760 nm to retrieve depth and power was compared with using the measured in situ optical properties. Typical results are given in Fig 5. The in situ optical properties gave the best performance, both for localizing the source and recovering the power, while the optical properties of liver yielded the least accurate results. Either depth or power could be accurately retrieved using the optical properties of muscle or stomach wall, but inconsistently, and usually for one of the wavelengths only. For example, the power was correctly retrieved using stomach wall optical properties at 760 nm, but a 2-fold increase of the absolute errors in the depth was seen as compared to using the in situ optical properties.
Discussion
As expected, the measured scattering coefficients were higher at the lower wavelength. While the in vivo values of the absorption and scattering coefficients are expected to vary from the post mortem data reported here, the extent of their variation should not affect the performance of the algorithm. No major changes in the average tissue absorption and scattering properties were found in a study reporting time of flight measurements on adult rats before and after death [Delpy et al., 1988; Whitehurst et al., 1990] .
Large errors in the retrieved power were seen at shallower depths. The cause of this might not be intrinsic to the reconstruction method. Light leakage from the emission fiber, from below the isotropic tip enclosure, was noticed during the acquisition of the bare fiber images. This could have resulted in a distorted point spread function, an effect that would be more prominent at shallow depths. In rats 3 and 4, the short useful range of the emission profiles (15 mm) limited the use of our method to a depth of approximately 10 mm. Beyond this depth, the shape of the emission profiles was relatively insensitive to depth (Fig. 6) . As a result, the fitting procedure returned the same depth even for deeper sources, causing a drastic decrease in the estimated power. The depth at which this effect occurred was a function of the optical properties of each anatomical site. In the present study, this limitation only occurred in two animals. Even in these situations, using the proper camera view, a depth of 10 mm would probably allow the imaging of a bioluminescence source at most sites within a small animal. Moreover, our data demonstrates a small advantage when the longer wavelength was used, suggesting that this problem could be mitigated by careful selection of the wavelength within the bioluminescence spectrum [Chaudhari et al., 2005; Svensson et al., 2005; Dehghani et al., 2006] .
Major improvements in power reconstruction were seen in rat 1 where preferential selection of the emission profiles helped minimize the effects of surface curvature (Fig. 4 b) . For this rat, the emission profiles in the ventral to dorsal direction (in which the tissue curves the most) were rejected from analysis (Fig. 2 a) . Fig 2. b) displays the distortion of these profiles that made their exclusion obvious. In rat 2 and 3 the same method was less successful than when the signal was averaged over all directions. The selective analysis of emission profiles was thus only efficient for cases in which the differential curvature effects dominated those due to tissue heterogeneity. When employing optical properties of organs or tissues rather than the measured in situ optical properties, the results were inconsistent. A recent study reported similar findings [Virostko et al., 2007] . According to that study, the use of skin optical properties led to the most accurate depth reconstruction, and the greatest overestimation of intensity. In the same study, optical properties corresponding to liver were best for reconstructing intensity, but resulted in inaccurate depth assessment. The weighted average of the local optical properties provided by our reflectance measurements, provided a superior reconstruction to using 'libraries' of optical properties and anatomy. 
Conclusion
We have developed a fast and inexpensive method for quantification of luminescent point-like sources in small animals. The use of measured, in situ optical properties in the homogeneous model accounts, to a degree, for the effect of tissue heterogeneity. Sources implanted deeper than 1 mm in rat abdomens were localized within 1 mm, when the effects of tissue curvature were eliminated. The correct estimation of depth was usually associated with better assessment of source power; the power was generally retrieved within a factor of two of the true power. Although source localization was less accurate in the shallow region (< 4 mm), the comparison of the retrieved and apparent power revealed that our method applied a significant correction to the emitted signal even from sources in this region (Fig. 4b) .
The performance of the method depended on the ability to overcome tissue curvature effects in the emission images. This suggests that animal topology information could benefit the reconstruction [Kuo et al., 2007 , Virostko et al., 2007 , although this would require a numerical solution of the diffusion equation.
In two animals it was demonstrated that, beyond a certain depth, a limitation of the model in retrieving depth information from the emission profiles might arise. However, a small advantage in the reconstruction was seen when a longer wavelength (760 nm) was used (Fig. 3 a) . By selecting wavelengths at which the tissue optical properties are sufficiently different, one could make use of the ratio of the detected emission at two wavelengths to recover the depth information beyond this limiting depth [Chaudhari et al., 2005; Svensson et al., 2005; Dehghani et al., 2006] . This would, however, require spectrally resolved imaging.
The use of measured in situ optical properties was consistently more reliable than using the optical properties of specific tissues or organs. It would be thus possible to implement a similar method based on a library of in situ optical properties at specific anatomical sites, but more extensive collection of data is needed.
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